Long period variables, among them Miras, are thought to be pulsating. Under this approach the whole star inflates and deflates along a period that can vary from 100 to 900 days; that pulsation is assumed to produce shock waves on the outer layers of the star that propagate into the atmosphere and could account for the increase in luminosity and the presence of emission lines in the spectra of these stars. However, this paradigm can seriously be questioned from a theoretical point of view. First, in order to maintain a radial pulsation, the spherical symmetry of the star must be preserved: how can it be reconciled with the large convective cells present in these stars? or when close companions are detected? Secondly, how different radial and non-radial pulsation modes of a sphere could be all damped except one radial mode? These problems have no solution and significantly weigh on the pulsation paradigm. Acknowledging this inconsistency, we show that a close companion around these stars could account for the star variability. To support this assertion we study the observed light curves, their shapes at different wavelengths and their changes over time.
Introduction
More than 400 years ago, Fabricius observed a star of the Ceti constellation, fading, vanishing and reappearing later with a period which appeared to be of 330 days.
Soon after however, other variables were discovered, first an eclipsing variable, named Algol, then other Miras: χ Cyg, R Hya at the beginning of the 18th century. To this day the "General Catalogue of Variable Stars" lists more than 8000 Mira type variables. If the mechanism of Algol variability was quickly explained by a mutual eclipse of two stars orbiting each other, by contrast the mechanism of long period variables (LPVs) was debated for a long time. In 1941 Eddington (1941) presented a last version of his theory of the Cepheids. Eddington thought the variation of luminosity resulted from a structure instability leading to periodic variations of radius and luminosity. This theory has since been widely used and applied in particular to Miras, Semi-regular, RR Lyrae.
After studying Miras stars, feeling growing doubts with the given explanation, and becoming aware of its inconsistencies, Berlioz-Arthaud (2003) suggested that Mira variability was due to the presence of a close companion around the star.
Asteroseismology made significant progress since the CoRoT (Baglin et al. 2006) and Kepler (Borucki et al. 2010) probes -particularly on red giants : De Ridder et al. (2009); Mosser et al. (2011 Mosser et al. ( , 2012a Mosser et al. ( ,b, 2013 ; Baudin et al. (2012) ; Deheuvels et al. (2014) ; Beck et al. (2014) and references therein. Rich power density spectra of the light curves are observed showing radial and non-radial modes providing a detection of the radial orders and angular degrees ( = 0, 1, 2, 3) of the modes. Can these results be extended to the pulsation of LPVs whose characteristics: high amplitudes and presence of a single radial mode, are quite different than those of asteroseismology: low amplitudes, many simultaneous radial and non-radial modes giving a rich spectrum ?
The presence of companion was suspected around Asymptotic Giant Branch (AGB) stars to explain spiral-shaped nebulae following predictions by Theuns & Jorissen (1993) and Mastrodemos & Morris (1999) . Planetary nebulae with binary central stars are detected (Jones et al. 2015 , and references therein). The issue of the presence of companions around Long Period Variables is then widely justified.
Finally, the pulsation paradigm being ruled out, one is led to wonder whether the presence of companions could explain the phenomenon of LPV.
The next section presents the main inconsistencies of the pulsation paradigm, section 3 is an analysis of Long Period Variables light curves. Section 4 focuses on modelling. In Section 5 the results are discussed before concluding in the last section.
Substantial inconsistencies of the pulsation paradigm
This research is motivated by the critical issues raised by the pulsation paradigm and not to offer a competing mechanism (the binarity hypothesis came afterwards to explain the variability given the inconsistencies of the pulsation paradigm). The most fundamental objection is the need to keep a perfect spherical symmetry to maintain a single radial pulsation mode. Any disturbance of the spherical symmetry giving rise to non radial modes.
Pulsation and binarity
Many recent studies seem to converge towards the presence of companions around many Miras or AGB stars:
• van Winckel et al. (2009) found six binaries AGB stars with orbital periods ranging from 120 to 1800 days,
• Mauron et al. (2013) found that half their sample of 22 AGB stars have elliptical emission that they understood binaries whose envelopes are shaped by a companion,
• Kervella et al. (2014 Kervella et al. ( , 2015 find a companion around L 2 Pup.
• Maercker et al. (2012) show the presence of a companion around R Sculptoris to explain its large mass loss,
• the situation is not so clear around R Fornacis: binarity is a possible hypothesis for Paladini et al. (2012) , • Mayer et al. (2013) look for the signature of the companion interaction with the stellar wind of the symbiotic Mira star R Aquarii and the binary Mira W Aquilae,
• Boffin et al. (2014) find that FG Ser, a binary giant with a period of 630 days, is filling its Roche Lobe,
• Mayer et al. (2014) find a close companion around π 1 Gru with a period shorter than 10 years,
• Jeffers et al. (2014) detect an equatorial disc around IRC+10216,
• Decin et al. (2015) a binary-induced shell around the same object.
By their presence, these companions break the spherical symmetry and the stars become unable to maintain a radial pulsation: the pulsation paradigm can no longer be applied.
Moreover many Miras are thought to be symbiotic (Belczynski et al. 2000) , R Aqr has jets, is surrounded by an inner and an outer nebula and is believed to possess an accretion disc around its companion white dwarf (Nichols & Slavin 2009) . At least three characteristics of symbiotics are present: UV excess, Hα emission, [OIII] emission. If these objects are symbiotics, we have to forget the pulsation paradigm.
Pulsation and convection
Miras are "cool" stars, namely their effective temperatures is around 2500K. At these temperatures, many molecules are formed leading to a strong opacity. A deep convection occurs as the opacity in the main volume of the envelope is such that the heat produced in the core of the star cannot be dissipated by radiation: convection cells are formed and convey heat excess. Convection is common in cool stars; calculations show that, concerning the Miras, convection cells are so large that a few only cover the whole surface of the star and convey more than 90 per cent of the energy. Schwarzschild (1975) estimated that convection cells are so large that only a few are apparent on the surface of red giants and supergiants. This estimation is confirmed by high-angular resolution observations (Cruzalebes et al. 2015) . Figure 1 gives a sketch of an AGB star interior showing the convective envelope and the zone which is supposed to be the source of the pulsation.
However pulsation and convection are two kinds of instability sharing the same cause linked to an inability of the star to dissipate energy by radiation alone. Yet, convection breaks the spherical symmetry: some cells move up while at the same time outside the cells, cooled matter is flowing down. But pulsation has to be radial (spherically symmetric). Pulsation and convection are therefore incompatible. If radial pulsation is present, convection has to be inhibited. Unable to explain how convection may be inhibited, Zhevakin (1963) supposed that as the star pulsates, then its convection is inhibited. Circular reasoning. Recent 3D simulations of red giants stars do show huge convection cells but no significant radial pulsations (Woodward et al. 2003; Freytag & Höfner 2008; Brun & Palacios 2009) . Movies from these simulations show these huge convection cells 1 consistent with observations. So the pulsation paradigm faces two major difficulties: a) pulsation is deprived of its driving mechanism by convection, and b) convection breaks the spherical symmetry which then loses the ability to maintain a radial pulsation.
The pulsation mechanism
The mechanism proposed, called κ-mechanism (Baker & Kippenhahn 1962 ) is based upon the variation of the opacity with temperature. From this point of view, the opacity of the external layers rises with temperature, generating instability: when the temperature rises, the opacity rises also and then energy transfer is less efficient. All the produced energy cannot be dissipated and the temperature continues to rise. This increase in temperature inflates the star which then cools down and deflates before starting a new cycle.
In the case of the Cepheids the suspected zone driving the κ-mechanism is the helium ionisation zone (Xiong & Deng 2007) . For the Miras the zone responsible for instability has not been firmly established, some authors suspect the hydrogen ionisation zone. Anyway this mechanism raises a problem of synchronisation. In order to explain the light curves by a pulsation, the pulsation mode should be radial: pulsation must spread at the same time on the whole surface of the star, or in other words, must keep a spherical symmetry.
But how to explain a spherical symmetry when the instability is not produced at the centre of the star? How parts located far from each other (for example at the antipodes) could remain synchronised when they are beyond a pulsation wavelength? The time needed to exchange information between two parts far from each other is longer than the pulsation period. No synchronisation is then possible.
Solar-like and Mira-like oscillations
Recent advances show clear differences between the solar-like oscillations and the Mira-like variations phenomena. The red giants solar-like oscillations have very low amplitudes of the order of 0.0001 mag, so they are invisible on the light curves, Miras amplitudes have several magnitudes. Lebzelter et al. (2005) consider very unlikely that a stochastic excitation mechanism produces such amplitudes in the fundamental mode. In addition, in the case of solar-like oscillations, several modes of different spherical and radial orders are excited simultaneously resulting in a rich spectrum showing several peaks. On the contrary, changes in Miras should be assigned to a single radial mode ( = 0) of low radial orders: fundamental or first or second harmonic. The evolution from Red Giants oscillation modes to Semi-Regulars ones does not show a drastic increase of amplitudes or a tendency to keep only one radial mode (Banyai et al. 2013 ).
This observation comes back to a very fundamental issue: why Miras would preserve only one pulsation mode. The superposition principle is a fundamental principle widely observed for all linear systems. According to this principle the movements of an oscillating system is the result of the superposition of different normal modes of the system. Why Miras, unlike other red giants, do would develop only one radial mode with a very high amplitude? No reply to this objection was given, yet it should, by itself, justify the rejection of the pulsation paradigm.
Light curves analysis
Long Period Variables are, as their name suggests, mainly characterised by their light curves. So it is natural to focus on the light curves and try to maximise the learning potential of these data.
In the following we compare the characteristics of the observed light curves with the predictions of the pulsation paradigm and of the presence of a companion.
The traditional approach for period determination is based upon the O-C method (i.e. observed minus calculated) which follows, for a given period, the difference between the observed and the calculated dates of maximum. This method presents some drawbacks:
• Only few data are used: dates of observed maximum (or minimum),
• Maximum dates are not precise, due to the lack of observations close to the maximum and to the intrinsic variations of the variable from cycle to cycle, and the limited precision of the visual magnitudes, • Some objects cannot be observed all along the year and some maximum may be not observed for some cycles.
Today, Fourier or period-time analysis make use of the full set of data revealing the maximum possible information (Szatmàry et al. 2003) .
Data

Amateur data
Patient magnitude recording of numerous variables for more than a century, mainly from amateurs, has made it possible to draw detailed light curves of these variables and is therefore the main source of information. Some variable stars observers associations open their databases for thousands of variables.
We used photometric data from the Association Française des Observateurs d'Etoiles Variables 2 (AFOEV), and the American Association of Variable Star Observers 3 (AAVSO).
The low level of accuracy of these data is to a large extent compensated by the duration of the observation campaign and the number of observations -in some cases they go back to 1840 and put forward 70 000 individual measures, their even distribution in time with the exception of the two World War periods. Professional observations are far more precise, and on a wider wavelength range, but they can't cover such an extended period of time, or so many objects.
These amateur data provide an opportunity to precisely determine Miras periods, their variations with time, and also their amplitudes and variations, and more generally their shapes that are close to a sine curve or showing bumps or double humps; evidence of a possible evolution of these shapes over time can also be put forward.
For each object a text file gives the dates of observation, the magnitudes observed (in most cases visually), the name of the observer. No standard deviation is given for visual observations, we estimated it in comparison with professional data (see below).
ASAS
The All Sky Automated Survey 4 (ASAS) database is available with a catalogue of more than 18 000 regular variables (Pojmanski 2002) . V -band magnitudes are given with their associated Figure 2 shows a part of R Aql light curve with data drawn from amateur and ASAS databases allowing to estimate the amateur error. Comparing these data with the magnitudes recorded by the amateurs, we obtained an estimation of the standard deviation of the amateur data of 0.35 mag.
Infrared
The infrared photometry of Whitelock et al. (2000 Whitelock et al. ( , 2006 allows to compare the visible and infrared light curves of many objects. Whitelock et al. (2000) present the near infrared, JHKL, photometry of 193 Mira and Semi-Regular variables which were observed by Hipparcos, and Whitelock et al. (2006) of 239 Galactic C-rich variable stars. The period covered depends on the objects between 1975 and 2000. The photometry is accurate to ≈ 0.03 mag at JHK, and ≈ 0.05 mag at L.
GCVS
The General Catalogue of Variable Stars 5 (hereafter GCVS4) lists all bright variable stars giving their type (Mira, Semi-Regular, Cepheid, . . . ), periods, maximum and minimum magnitudes, dates of a maximum. GCVS4 defines Miras according to their periods (between 80 and 1000 days) and their amplitudes (from 2.5 to 11 mag). Semi-Regulars differ from Miras only by their smaller amplitudes (SRa), or their irregular light curves (SRb, SRc and SRd) . This distinction between Miras and Semi-Regulars is quite arbitrary: the periods and amplitudes distributions don't show two separate populations.
CoRoT
The CoRoT space mission (Auvergne et al. 2009 ) provided high photometric data along successive runs of 25 and 150 days from 2007 to 2012. Lebzelter (2011) used data from four long runs to search for LPVs and selected 52 candidates. The author notes a few systematic shifts in the light curves of the order of 0.02 mag. The data are available through the CoRoT Public Archive 6 .
Kepler
The Kepler space mission provided four years of continuous high photometric quality data. Banyai et al. (2013) study the variability of M giants stars based on these data. Due to the telescope roll every quarter of a year, the light curves show jumps, moreover an unexplained Kepler-year signal is present in the data with an amplitude of about 1 percent. The authors emphasise the need for caution when using Kepler data for investigating long-term phenomena that needs data over hundreds of days. Data are publicly available 7 .
Light curve fitting
The simplest way is to fit a constant period sine curve on the light curve. Starting with the GCVS4 given period, we proceed according to two kinds of fits:
1. The light curve is defined with the help of six parameters, namely:
t max date of a maximum P period m max magnitude of maximum m min magnitude of minimum f asymmetry factor P period variation with time 2. The light curve is defined by two parameters: period and its variation with time. The fit is performed on the mean light curve derived from these two parameters.
In each case, a non-linear least-squares Levenberg-Marquardt method is applied.
The advantage of these methods is obvious: we obtain not only the period and its variation with time but also the mean curve, the mean maximum and minimum magnitudes, the asymmetry factor and a date of maximum.
The phase ϕ is deduced from a maximum date and the period function of time t by:
If P is constant with time:
Otherwise P may be approximated by a linear function of time with P 0 the period at a given date of maximum t max :
But in some cases period variations are not linear, and P is expressed by a linear interpolation between an arbitrary number of couples of dates and periods. Phase is obtained by numerical integration:
or for a linear variation of P (P = 0):
When using the asymmetry factor f , the synthetic light curve is made of two half-sine curves, the first half from maximum to (1 − f ) phase:
and the second one between (1 − f ) phase and the following maximum:
This synthetic light curve generally gives a good fitting when the asymmetry factor is not too low (f > 0.2) but is not well suited for low asymmetry factors. The process we used for most objects is the following:
1. The parameters starting values are given by GCVS4, 2. The parameters to fit are first limited to the period and a date of maximum, the remaining four parameters being fixed, 3. Then extended to asymmetry factor, maximum and minimum magnitudes, 4. If discrepancies appear visually, the fit is allowed to vary the period variation, and the procedure is eventually adapted to obtain a better fitting.
5. A fit of the mean curve is then performed with the two starting parameters (period and period variation) just obtained.
Thus the method is almost automatic. This process is used to avoid a "derailment", each step being visually checked. In some cases, when the GCVS4 data are too far from the observations (or when GCVS4 gives no period), starting parameters are manually modified. In some other cases, there are long time intervals without data and the fit has many minimums depending on how many periods are included in the time interval, a human intervention is then necessary.
In some cases, no satisfactory fitting was obtained without splitting data according to the period variations: these objects showing repetitive or sudden period variations.
To check our approach, we tested it with CoRoT data to take advantage of the precision photometry. We chose a RR Lyrae because the number of periods of LPV variables covered by CoRoT is not sufficient. The RR Lyrae variable CoRoT 0103800818 is reported by Szabo et al. (2014) . We first fitted two half sine waves to get the period and then we fitted the mean light curve. Figure 3 shows this mean light curve is very precisely adjusted on the data. The constant period is 0.46597 days. Table 4 gives the fitting results for 163 Miras and Semi-Regulars (SRa) with sufficient data and showing fixed periods or with a constant variation period rate. Table 5 gives the fitting results for 116 Miras and Semi-Regulars with sufficient data and no monotonously varying period. A period is associated with each given date. Between two successive given dates, the period is supposed to vary linearly with time. Up to six dates (and their associated periods) are given. Table 6 gives the fitting results for 28 Semi-Regulars (SRb) with sufficient data and showing clear periods.
Splines fits
One difficulty of light curve analysis is the time unevenness of observations. In order to avoid this drawback, we tried to fit a spline on the data rather than interpolating, the results were not improved and we dropped this solution.
Mean light curves
With the help of the fitted period, the phase is calculated for each observation date, and the mean light curve is obtained.
Period-luminosity relation
The Miras are among the most luminous objects in the infrared, therefore it is very important to get a period-luminosity relation. Whitelock et al. (2008) derived such relations giving the absolute K magnitude M K from the period P in days:
Glass (2009) obtained from MACHO data for Miras (their sequence C) in the LMC:
It must be stressed that these relations are based upon observations not on theoretical grounds.
Such a relation can be estimated for a binary. According to the third Kepler law, the period P is related to the distance a between the two bodies centres of mass and the total mass M of the system: a 3 P 2 = GM 4π 2 where G is the gravitational constant. The luminosity L of a star is given by:
where σ is the Stefan constant, T eff the effective temperature of the star, and R its radius. Assuming the radius is the distance a of the two bodies (i.e. the mass ratio is sufficiently different from one):
for a given effective temperature and mass, we obtain an estimation of the slope of the periodluminosity relation: The companion hypothesis seems compatible with the observed period-luminosity relation.
Power spectrum of the light curves
Using CoRoT or Kepler data many authors (De Ridder et al. 2009; Mosser et al. 2011 Mosser et al. , 2012a Mosser et al. ,b, 2013 Deheuvels et al. 2014; Beck et al. 2014) showed that red giants present simultaneous radial and non-radial (dipole and quadrupole) modes of oscillation of different radial orders. However Baudin et al. (2012) identify only radial modes on HR2582.
The question is whether there is a continuity between these solar-like modes of oscillation characterised by many simultaneous modes, low amplitudes and short lifetime and the behaviour of Miras with a single period, very large amplitude, and long lifetime beyond century. In this regard, the study of Semi-Regular shed interesting light if their behaviour is intermediate between that of red giants and Miras. Banyai et al. (2013) analyse the variability of both RGB and AGB M giant stars using Kepler photometry. In many cases, after reconnecting the light curves from different quarters, they found only two significant period in the light curves, but for the lower amplitude stars over fifty. Drawing a Petersen diagram (ratio of periods versus the longer period), they find no structure for the low amplitudes nor for the Miras, only a clump for a period ratio of ≈ 0.7 − 0.8 and periods below 100 days. Anyway, they suggest an indication of a transition between the two types of excitation (solar-like and Mira-like) around a period of 10 days (1.2 µHz).
The use of Kepler and OGLE data does not allow Mosser et al. (2013) to distinguish between AGB and RGB based on the power spectra of their light curves. They attempt an extrapolation of oscillation modes identified from the spectra with the highest frequencies to the spectra with very low frequencies. After this identification, they found a gradual disappearance of the non-radial modes (dipole and quadrupole) with decreasing frequency. They conclude that semi-regularity is due to the small number of stochastically excited oscillation modes that are observed. However, they believe that the variability of Miras cannot be explained by solar-like oscillations in particular because of the observed amplitudes far too important. Lebzelter et al. (2005) reach the same conclusion.
The study of Stello et al. (2014) shows the presence of radial and non-radial modes in SemiRegular variables, the power oscillations in the dipole modes increasing relative to that of radial modes when the object is brighter. Quite the contrary Mosser et al. (2013) note a decrease of the non-radial mode both for dipole and quadrupole modes relative to radial modes. Hartig et al. (2014) show that all the Semi-Regular variables they study have multiple modes. However, they note that non-radial oscillations of the size required for M giant semi-regular variability would result in unrealistic distortions.
Time-period analysis
The first step of time-period analysis is to obtain uniformly spaced data by interpolation of data or splines. Many power spectrum are then derived from the data multiplied by the profile of a sliding cubic B-spline centred at zero on a uniform grid, namely :
The full width at half maximum of this cubic B-spline is 1.4447 in unit of x.
To verify the efficiency of our time-period analysis, we compared the results obtained with real data and with synthetic data derived from our fitting parameters (equations (1), (2), (3)) at the same dates than the observed ones (Fig. 4) . Synthetic data are obtained with constant maximum and minimum magnitudes and a linear variation of period as fitted on the real data. Comparison shows very similar results.
The first observation is that the light curves of most Miras show stable periods with time. Fig. 5 shows a time-period map of the light curve of Mira. The 332 days period remained stable over the last 160 years ! Code's argument against Hoyle and Lyttleton model stating these objects are aperiodic loses its validity. Hartig et al. (2014) find that the periods derived for Semi-Regular variables at a specific time interval are not necessarily the same for observations at a different time.
In this regard, Banyai et al. (2013) show wavelet maps of the Semi-Regular AF Cyg (their figure 9) based upon the four years Kepler 's data set and upon the AAVSO data at the same dates: the two maps are very similar. Figure 6 shows our time-period analysis of the whole secular AFOEV and AAVSO data set for the same object. No period is evident on the light curve, nevertheless a main period of 92.9 days (0.125 µHz) is visible on the time-period map and on the power spectrum. Thus we emphasise that a long data set is preferable to study the long-term behaviour of LPV although photometry is not as accurate. Even in the case of the Semi-Regular AF Cyg a main period of 92.9 days remains stable over time. More precisely, the power spectrum of AF Cyg has between 155 and 195 days (0.059-0.075 µHz) several fairly large peaks and a narrow 92.9-day peak (0.125 µHz). In the time-frequency diagram ( Fig. 6 ) the peaks around 175 days show short lifetimes (as confirmed by their FWHM), the narrow 92.9-day peak appears throughout the century with more or less periodic disappearances.
If some frequencies can be explained by oscillations, it seems clear, as in the case of AF Cyg, that next to a rich spectrum which can be attributed to radial and non-radial oscillations, a precise peak remains stable over time which can hardly be explained by stochastically excited oscillations.
In the GCVS4, Semi-Regular variables are classified SRa ("Semiregular late-type giants with persistent periodicity and small light amplitudes"), SRb ("Semiregular late-type giants with poorly defined periodicity or with alternating intervals of periodic and slow irregular changes, and even with light constancy intervals"), SRc ("Semiregular supergiants") or SRd ("Semiregular variables of F, G, or K spectral types"). We focus on SRa and SRb types. Table 4 and table 5 contain, among Miras, respectively 8 and 9 objects classified SRa or SRb in the GCVS4 five of them are SRb: U Boo, RY Cam, TV And, R Scl, Z UMa. Table 6 gives the result of satisfactory sine curve fitting for 28 additional SRb objects. Many Semi-Regulars even classified SRb show the presence of a clearly defined period throughout the entire observation period. In some cases, a more or less spread spectrum is also present.
The presence of a clear and persistent periodicity observed on the Miras, is also seen on many Semi-regulars although with a lower amplitude. The part of the spectrum allocated to stochastically excited oscillations has several larger peaks and a different central period. The nonradial and radial oscillations observed in Red Giants and some Semi-Regulars are similar in nature. The Semi-Regulars show both the solar-like oscillations of the red giants and Mira-type variations with lower amplitudes. There is enough evidence to suggest that Mira-type variations and solarlike oscillations are different in nature and thus Mira-type variations could hardly be attributed to pulsations but more likely to the presence of a companion.
Amplitudes
Fitting sine curves on the light curves with sufficient data allows to draw on figure 7 the relationship between amplitudes and periods. In this figure, the clustering of Miras and SemiRegulars simply reflects the definition of these objects. There is no gap between Miras and SemiRegulars, as regards their main period, lower amplitudes than Miras. So Miras and Semi-Regulars are only distinguished by their definition on the diagram of amplitudes versus periods of their light curves and not by different properties. Figure 7 shows a wide dispersion of amplitudes for a given period.
In the frame of the pulsation paradigm, amplitudes are dependent on the driving and the damping of the oscillations, so we can expect similar amplitudes for objects with similar characteristics.
It is not what is observed on figure 7.
The presence of a companion provides a range of amplitudes due to the random inclinations on the sky in accordance with what is observed (the simulation of eclipsing variables light curves will be discussed later in section 4.).
Some periods are varying with time
The periods of some Miras do vary over time, such is the well-known case of R Aql whose period diminution rate is very stable: 0.47 days a year (Fig. 4 Top). The period is clearly defined even if it decreases over time. Some Miras show repetitive period variations. Fig. 8 gives an example of such variations.
Some rare Miras show sudden variations. An extreme case is that of T UMi (Gál & Szatmáry 1995; Szatmàry et al. 2003) which shows a huge period diminution since 1976 (Fig. 9) . From the year 2000 its amplitude has drastically decreased to the point that this star is likely not to present any more magnitude variations within a few years.
The pulsation paradigm explains the period variations as reflecting an underlying change in the star structure. The thermal perturbations induced by helium layer instabilities (helium shell flashes) change the physical conditions inside the star envelope and, in turn, the star period. Wood & Zarro (1981) tried some observed variations periods to make them fitting the star evolution models. The Miras whose periods are decreasing are supposed to be in the phase following an helium shell flash.
Taking binarity as the frame for interpreting, period variations are explained by angular momentum transfer inside the binary system through an exchange of matter between the two components, or outside the system through a mass loss. So a mass transfer from the more massive to the less massive star reduces the period, conversely transfer from the less to the more massive leads to a period increase. We may give an estimation of the mass transfer rate knowing the period variation rate. Applying the third Kepler law and assuming the angular momentum conservation of the system, we obtain:
where M 1 and M 2 are respectively the masses of the more and the less massive components,Ṁ 1 andṀ 2 the rates of mass variation, P the period of the system, andṖ its variation with time.
We find a period variation of 0.48 day by year for R Aql and a 274 days period. With a mass of 1M for the massive component, the mass transfer rate is about 1.75 10 −3 M by year for a mass ratio of 0.5 and 3 10 −5 M by year for a mass ratio of 0.05. It should be noted that R Aql is an extreme case, very few Miras show a so strong period decrease.
The Miras with their exceedingly extended atmosphere generate a mass transfer to the companion when it gets into the atmosphere leading to a period decrease. We may think it is the case for T UMi and we can then witness the fall of the companion into the red giant atmosphere leading this companion to disappear.
Double humps
Many Miras light curves may be fitted to a sine curve, or rather to two half sine curves, the rising time from minimum to maximum being usually shorter than from maximum to minimum. Some rather rare objects show a light curve with two maximum. It is the case of R Cen, R Nor or RZ Cyg, all these variables have rather long periods of about 500 days. Other more numerous Miras show a "bump" on the rising from the minimum to the maximum light. One observes a continuum from sinusoidal light curves to double humps light curves through curves showing more and more obvious bumps. To explain these double-humped light curves using the pulsation paradigm, Lebzelter et al. (2005) suppose two radial pulsation modes are simultaneously excited: fundamental and first harmonic or two harmonic modes. These two modes having necessarily periods of an exact 2:1 ratio: "the bumps are the result of a 2-to-1 resonance between the fundamental mode and the first overtone" (Lebzelter et al. 2005) . Double humps are easy to interpret in the frame of binarity, the light curves showing two successive minimum which are related to the eclipses of both components. Some examples of synthetic light curves are given below.
Wood (2000) using the K photometry of variables in the LMC from the MACHO database finds five sequences in the K-log period diagram. The sequence C is attributed to Miras and the sequence E, on the grounds of their double humps, to close eclipsing or contact binaries. Soszynski et al. (2011) find the same sequences for the long period variables of the Small Magellanic Cloud from the OGLE-III Catalogue of Variable Stars and identify the sequence E objects as close binaries with ellipsoidal shapes; the periods of these stars correspond to half of the orbital periods. Therefore when the sequence E is plotted with periods multiplied by 2 -the orbital periods -it appears to be the same as sequence D and so sequence D and E objects would be binaries (Soszynski 2007) . Wood (2010) supposes that these sequence E objects, when evolving to larger dimensions, fill their Roche lobes and could be the precursors of planetary nebulae. However Wood (2010) challenges the idea that the sequence D objects would be binaries on grounds that the light and velocity curves of sequence E and sequence D are different : the amplitudes of the sequence D velocity curves is around 3.5 km.s −1 an order of magnitude smaller than sequence E, and there is one minimum of the light curve for each cycle of the velocity curve in sequence D stars, on the contrary E variables show two minimum of the light curve for each cycle of their velocity curve. Soszynski et al. (2011) show that O-rich and C-rich Miras and Semi-Regulars populate not only the sequence C but also the sequence D of the LMC (their figure 5) . We conclude that the sequence E overlaps the sequence D and that Miras, Semi-Regulars and close binaries share these sequences.
Infrared light curves
Double humps on the visible light curves can also be seen on infrared light curves. Moreover, one sees some infrared light curves with double humps although visible light curves show no double humps. An example is given Fig. 11 .
The pulsation paradigm gives no explanation of these differences between visible and infrared light curves.
Synthetic light curves of eclipsing binary stars can be computed by software based upon the Wilson & Devinney (1971) code. The Mira RV Cen shows a bump in the visible; its light curve is reproduced on Fig. 11 with the help of the NightFall software 8 . Table 1 gives the fitting parameters. The resulting computed light curves in the infrared for the J, H and K bands show amplitudes and shapes close to the observed ones. The presence of a hotspot on the companion's surface near the Lagrangian point L2 is assumed; Long Period Variables are losing mass, therefore it makes sense that mass overflow through the Lagrangian point L2 may produce such hotspot (see discussion below).
Shapes are changing
The light curves are not identical during successive cycles. The shape of the light curve may change while the minimum and maximum remain relatively constant, or the shape of the curve remains about the same but its level changes (obscuration events).
3.9.1. Shapes. Fig. 12 shows the variation of the shape of the S Cep light curve which depends on the cycle. With the precision of the ASAS data the bump appears more or less prominent. Another example is the light curve of R Men (Fig. 13) showing very different shapes along different cycles: double humps, smooth curve, or bump. These variations have no true understanding in the frame of the pulsation paradigm. We interpret them as variations of a hotspot on the secondary.
Obscuration events.
Some light curves appear to be more or less periodically dimmed. Most striking is the V Hya light curve (Fig. 14) showing a variation with a period of about 17 years which is overlaid to a "normal" variation of 531 days. We fitted this light curve with the parameters given in Table 2 . The long-term variation is interpreted as an obscuration by matter orbiting the Mira.
Some other Miras show irregular variations. Fig. 15 shows the light curve of the symbiotic Mira R Aqr; it is hard to distinguish between the intrinsic variations of the Mira and external obscurations.
To conclude this section, we try to show that the pulsation paradigm gives certainly not a better explanation of the features of the light curves that the companion hypothesis. Although the mean curve is calculated on the whole data set, the differences between the light curve and its mean is very small. The first attempts to model pulsating stars were to study the instability conditions of radial modes (1-D models) (Eddington 1918) .
Since then models have advanced with a major shift from the ε-mechanism to the κ-mechanism as excitation mode (see discussion below), then to non-adiabatic models, non-linear models, taking account for non-radial modes, and at last to 3-D models. At the same time, models with piston boundary conditions were developed.
Models of radial modes.
Regarding Miras, Wood (2007) considers that the problem is that most of the heat transport in the envelope of the Miras is by convection where the pulsation is confined. Linear, non-adiabatic pulsation models allow to get an estimation of the pulsation period. Detailed models of Xiong et al. (1998) show growing stability with decreasing effective temperature, by contrast observations are showing that the coolest objects with the longest periods have the largest amplitudes. Wood (2007) concludes that "current convection theories do not lead to reliable quantitative predictions regarding model stability". A more sophisticated approach is that of non-linear pulsation models. The problem with these models is that they lead to a too strong driving (i.e. a too large amplitude compared to what is observed). To avoid the problem, a damping effect is introduced using a suitable adjustable parameter of turbulent viscosity whose value is adjusted to get the observed amplitudes Wood (2007) . The periods obtained with these models can be, depending on the case, longer or shorter than those obtained by linear calculation. So, despite numerous efforts at improving the models, the results are not satisfactory for Miras.
Models of radial and non-radial modes.
Based on solar observations, the theory of stellar oscillations made many advances with the data from CoRoT and Kepler missions which allow to validate these advances on objects other than the Sun (Tassoul 1980) . The observed power spectra of red giant light curves are rich with many radial and non-radial modes excited to observable amplitudes. It can be expected that only the lowest levels of angular modes ( < 3) are indeed observed: the higher degrees of angular modes are not visible because they are averaged when viewed on an entire hemisphere of the star (when the surface of the star is not resolved).
The most striking observation is the comb-like structure of the power spectrum of the red giant light curves (for instance, see the fig. 4 of Stello et al. 2014 ). These structures can be characterised by the frequency of the maximum and by the distances between lines. The predictions may be compared with these observed characteristics of the spectrum.
There are two types of modes: p-and g-modes. The restoring force of p-modes is pressure. They are located in the envelope of the star, have spacing between orders almost identical RV Cen synthetic in frequency space. The restoring force of the g-modes is gravity. They are located in the centre of the star, and have spaciness between orders almost identical in period space. Some g-modes in the centre of the star may couple to p-modes producing observable amplitudes. They are the so-called mixed modes which are important clues in determining the characteristics of the star. Mixed modes are only non-radial modes like g-modes.
The observation of a comb-like power spectrum allows linking theory and observation. However, the theory can predict neither the amplitude, nor the shape of the red giant light curve and even more so for Miras or Semi-Regulars. The amplitudes are the result of a balance between driving and damping mechanisms originating in the turbulence induced by convection Chaplin & Miglio (2013) and are impossible to estimate.
Furthermore the theory does not explain how the spectra of red giants showing multiple radial and non-radial modes with low amplitudes could evolve into Miras spectra having a single radial mode with a very high amplitude.
Models with driven pulsation.
Since the work of Bowen (1988) , numerous studies modelled the Miras with a piston boundary condition. The piston is located outside the presumed excitation zone of the pulsation but in an optically thick layer. This approach is made necessary by the difficulty to achieve self-consistent models of pulsating Miras. This method overcomes the unsatisfactory modelling of the pulsation mechanism by forcing the pulsation with the piston boundary conditions of the model. These models allow a fairly good reproduction of molecular line profiles (Nowotny et al. 2010) and of the light curves (Nowotny et al. 2011) , at least of carbon Miras. The limitation is the free parameters of the driven pulsation: amplitude and period of the piston.
Three-dimensional (3D) models.
Radiative and hydrodynamic 3D models, first applied to the sun, are now applied to red giants and supergiants. In this case, the model can not be confined to a box in the star but must include the whole star volume ('star in a box') (Freytag et al. 2002; Woodward et al. 2003; Brun & Palacios 2009; Chiavassa et al. 2009 ). The 3D simulations of red giants show a few huge convective cells on the surface of the star (Woodward et al. 2003; Freytag & Höfner 2008; Brun & Palacios 2009 ). Cruzalebes et al. (2015) observed departure from centrosymmetry of the photospheres of 16 bright late-type stars that they attribute to large convective cells which were predicted previously by Schwarzschild (1975) .
Convective velocities obtained are of several Mach number, and form shock waves at the surface of the AGB stars (Freytag & Höfner 2008; Freytag et al. 2012) . The importance of these convection fluxes and the kinetic energy they carry are at odds with the traditional treatment of convection by the Mixing Length Theory (MLT) (Brun & Palacios 2009 ).
3D model atmospheres of red giants, as they represent a detailed granulation pattern, begin to be able to reproduce the photometric variability, and the power spectra of this micro-variability could be soon confronted to observed ones .
These simulations do not reproduce radial pulsations, but more or less periodic variations, in shape and volume, following the emergence of large convective cells (Freytag & Höfner 2008) .
Models of eclipsing variables
Since the pioneering work of Wilson & Devinney (1971) , there are several codes to synthesise light curves of eclipsing variables for widely separated, semi-detached or contact binaries. We used the NightFall code (see above) and the PHOEBE 9 (Physics of Eclipsing Binaries) code. The first step is to establish the geometry of the system. Roche equipotentials are computed on the basis of the mass ratio of the two components. All that remains is to specify which components fills it Roche lobe. Knowledge of the period and the total mass of the system then allows to fix the system dimensions. The flux emerging from the system is obtained either by assuming that the two components radiate as black bodies or, in a more precise manner by using model atmosphere. The basic parameter is the actual effective temperature of each component. The effect of gravity brightening (the components do not have a spherical shape), the effect of limb darkening, the reflection of light from one component to the other must be taken into account. The light curve is due to the mutual eclipses of the components, their shapes, temperature differences, surface brightness (gravity brightening, limb darkening, reflection), and the presence of possible spots.
In a nutshell, there are 6 basic parameters : the mass ratio of the two components, their temperatures, their Roche lobe filling factor, the inclination of the orbit on the sky. Thus defined systems exhibit symmetric light curves: both maximum obtained when the two components appear further apart are the same. Both primary and secondary eclipses, although with different depths, exhibit symmetry about the eclipse centres. The light curves of Miras do not show these symmetries. It is therefore necessary to assume temperature inhomogeneities on the surface of the components. In the softwares we used, these differences are modelled by one or more spots of circular shape. One must specify on which component the spot is located (primary or secondary), the longitude and latitude of its centre, its radius and its temperature difference (positive or negative) from the rest of the star. Figure 11 is the result of a fit assuming a spot on each component. Table 1 gives the used parameters. It is worth noting that a fit on the visual light curve gives a fairly satisfactory result for the infrared light curves as well. Figure 16 presents four examples of simulated light curves achieved by varying the simulation parameters with a cool spot on the primary. For these examples three parameters vary: i) the system geometry (contact of semi-detached), ii) The temperature of the secondary, iii) the longitude of the spot. Table 3 gives the four set of parameters.
It is thus possible to reproduce light curves with a steep slope or with more or less pronounced bumps or with a concavity on the descending phase.
Conclusions
The consensus around the pulsation paradigm was clearly based on false assumptions, namely "Miras are aperiodic", probably because, at that time, few data were available and because periods were evaluated by the difference in dates between successive maximum rather than fitted on the whole data. Furthermore the dramatic shift of the pulsation mechanism from the centre of the star to the external layers was made without thoroughly reviewing the pulsation paradigm whereas the instability zone -no longer at the centre but on the external layers -makes the necessary synchronisation of the radial pulsation impossible. This mechanism change requires convection to be inhibited without explaining this inhibition. Recent 3D models show strong convective motions consistent with observations but no radial pulsation with large amplitudes as seen for the Miras.
Recent advances on red giants asteroseismology show rich pulsation spectra consistent with what theory predicts. By contrast, the variability of Miras with their single frequencies and their very high amplitudes can not be explained by a pulsation which would produce many simultaneous modes. This objection was already stressed by Jeans (1925) (see Appendix A) and is impossible to overcome.
Definitively rejecting the pulsation paradigm, we feel binarity offers the best prospects. The stability of the period is easily explained, as well as the shapes of the light curves and their variations. We found no fact that seriously challenges the presence of a companion.
A better understanding of these objects will lead to a better understanding of the interstellar medium as these objects, when in their last phase, eject the main part of their masses producing magnificent planetary nebulae contributing to the enrichment of heavy elements in the interstellar medium. They are also the brightest objects in the infrared. A better understanding will make it possible to use them as distance indicators provided we find a more precise relation between period and luminosity. It should be possible to apply these conclusions to the other objects thought to be radially pulsating, the RR Lyrae and the Cepheids in particular.
The author is indebted to the numerous observers whose patient observations have made this research possible. It is a pleasure to thank Eric Thiébaut for his help and the provision of software written in Yorick language, Prof. Harm Habing for his encouragement and help and Prof. Alain Jorissen who carefully read this paper and suggest many improvements A. The historical development of the pulsation paradigm Cepheids were initially described as eclipsing variables. The study of their spectra cast doubt on this explanation. Such is the case of Plummer (1913) who estimated that the radial velocities deduced from the spectra of Cepheids were not compatible with a Keplerian motion and there was no evidence of a secondary spectrum. This leads the author to propose a motion of the atmosphere of the star from its centre. This view was shared by Shapley (1914) .
A.1. First theory of Cepheids
In 1918, Eddington proposes a first version of his 1-D theory of Cepheids (Eddington 1918) . In this paper, he investigates the theory of a pulsating mass of gas. His theory is based on an adiabatic oscillation of the star leading to a period proportional to the inverse of the average density of the star. Applied to Delta Cephei it fixes a period as between 2.88 and 7.22 days. In this paper only radial pulsation is considered. Eddington (1918) is aware of this limit and justifies his choice because it is much simpler: "The type of pulsation here considered is symmetrical about the centre; that is to say, the star remains spherical, but expands and contracts. It is possible that the actual oscillation may be an elliptical deformation; but I think that a symmetrical oscillation is more probable in a star of low density, and it is much simpler to investigate.".
A.2. Jean's challenge
Surprisingly, only Jeans (1925) emphasised this issue: "A more serious objection, however, is that a mass of gas has a large number of free vibrations whose periods are, in general, incommensurable. The free pulsations of a sphere of gas could only exhibit regularly recurring maxima in the very improbable event of all the vibrations except one having been damped to zero amplitude, while this particular one persisted with vigour.".
Jeans (1926) is returning once again on this issue a year later without any success.
A.3. The new theory of Cepheids
In 1941 Eddington (1941) presented a last version of his theory of the Cepheids. Eddington thought the variation of luminosity resulted from a structure instability leading to periodic variations of radius and luminosity. According to Eddington (1941) some stars are unstable, and the instability mechanism is to be found at the star centre: a pressure rising strongly boosts nuclear reactions, generating more energy and leading to pressure and temperature increase and, consequently, inflating the star. This star inflating, in turn, leads to a fall in pressure and temperature at the centre, a slowing down of the nuclear reaction and consequently to a deflation of the star. This pattern being repeated leads to a periodic variation of star radius and light. From a simple evaluation of the free fall time, it is easy to show that period is proportional to the inverse of the square root of density ("P √ ρ law ").
This paper has been a milestone in the debate on the origin of variation of Cepheids and Long-Period Variables. Eddington (1941) does not justify his assumption of a single mode of radial pulsation, as he did in 1918, neither he reported the well-founded Jean's objections.
A.4. The Hoyle and Littleton challenge
Two years after Eddington's paper, Hoyle & Lyttleton (1943) proposed a new Cepheid Theory. They study a solution with a common atmosphere around the two components of a binary star. In fact, they echo Kuiper's idea explaining other variables namely β Lyr -this explanation is still accepted today -as an interacting and eclipsing binary. In Hoyle and Lyttleton's model the common atmosphere shared by both stars orbiting one round the other doesn't take part in that common orbiting; it is thus subject to a kind of pulsation each time a star crosses the atmosphere. The authors note that following this model, they find again the P √ ρ law previously found by Eddington. One of their main arguments is the absence of binaries among the known Cepheids if Eddington's theory is true.
The debate continued until 1949, led by Code (1949) who supported the pulsation paradigm.
For Code, the analysis applied to the Cepheids has also been successfully applied to the Miras and so the mechanism of long period variables (RV Tauri, Miras) is the same. But observations show that Miras and RV Tauri are not strictly periodic, this shared mechanism cannot be related to an orbital movement which must be strictly periodic.
Hoyle and Lyttleton fought until 1949, then the debate was given up and the pulsation paradigm for Cepheids, RR Lyrae and Mira variables was then widely accepted although deep changes occurred over the years. However no definitive arguments were put forward and neither thesis outweighed the other. Today some of these arguments are known to be wrong. In particular Miras are more strictly periodic than previously assumed. 
B. Light curves fitting results
